We present unresolved single stellar population synthesis models in the near-infrared (NIR) range. The extension to the NIR is important for the study of early-type galaxies, since these galaxies are predominantly old and therefore emit most of their light in this wavelength range. The models are based on a library of empirical stellar spectra, the NASA infrared telescope facility (IRTF) spectral library. Integrating these spectra along theoretical isochrones, while assuming an initial mass function (IMF), we have produced model spectra of single age-metallicity stellar populations at a resolution R ∼ 2000. These models can be used to fit observed spectral of globular clusters and galaxies, to derive their age distribution, chemical abundances and IMF. The models have been tested by comparing them to observed colours of elliptical galaxies and clusters in the Magellanic Clouds. Predicted absorption line indices have been compared to published indices of other elliptical galaxies. The comparisons show that our models are well suited for studying stellar populations in unresolved galaxies. They are particularly useful for studying the old and intermediate-age stellar populations in galaxies, relatively free from contamination of young stars and extinction by dust. These models will be indispensable for the study of the upcoming data from JWST and extremely large telescopes, such as the E-ELT.
Introduction
To understand the formation and evolution of the Universe, we analyse the light emitted by observed objects, like galaxies. This light is the spectral energy distribution (SED) and provides insights into, for example star formation histories, chemical abundances, and the distribution of mass in stars. By studying galaxies in diverse environments at different redshifts, we can understand the mechanisms that drive galaxy formation and evolution.
Galaxies beyond the Local Group are typically studied by interpreting their integrated light, rather than the light of individual stars. An approach used to study these unresolved galaxies is through evolutionary population synthesis modelling. This method (e.g. Tinsley 1980; Bruzual & Charlot 2003; Vazdekis et al. 2010 ) is based on the assumption that galaxies consist of a number of single stellar populations (SSPs). Each SSP represents a single burst of star formation with a uniform initial chemical composition. With this technique it is possible to produce SEDs which can be used to derive physical properties from observations allowing determinations of star formation tracers, stellar content and evolution, chemical abundances, initial mass function (IMF) slopes, and other characteristics (e.g. Gonzalez et al. 1993; Peletier 1993; Trager et al. 2000; Yamada et al. 2006) .
These studies have mainly focused on the optical wavelength range leaving the near-infrared (NIR) range almost unexplored. Observations of both stars and galaxies taken in these wavelengths are scarce and therefore, so are the stellar and SSP models. The NIR presents alternatives and opportunities that are not available in the optical, because the NIR is highly sensitive to K and M stars and is less affected by hot young stars and by dust extinction. Due to its sensitivity to cool stars, the NIR is well suited to study specific stellar populations, such as stars on the asymptotic giant branch (AGB), especially the thermally pulsating AGB (TP-AGB), and on the tip of red giant branch (RGB) stars (Salaris et al. 2014 ). This makes the NIR particularly attractive for studying intermediate-age galaxies (0.5 − 2.0 Gyr), whose light is mostly due to TP-AGBs (Maraston 2005; Marigo et al. 2008; Bruzual et al. 2014) .
Current models in the NIR (Mouhcine & Lançon 2002; Maraston et al. 2009 ) are based on available empirical (Pickles 1998; Lançon & Wood 2000) and theoretical libraries (e.g. Lejeune et al. 1997 Lejeune et al. , 1998 Westera et al. 2002) . Neither type of library, however, is ideally suited for stellar population modelling. Theoretical spectra have considerable problems in reproducing molecular bands (e.g. Martins & Coelho 2007) , and since these are dominant in many cool stars, they cannot be used at present to make accurate predictions for absorption line indices in the NIR. The empirical library of Lançon & Wood (2000) has a spectral resolution (R ∼ 1000), but is limited to cool stars; hence Mouhcine & Lançon (2002) also include theoretical stars in their stellar population models. The models from Maraston et al. (2009) , on the other hand, are entirely based on a theoretical stellar spectral library. Given these limitations, the observations made by Rayner et al. (2009) and Cushing et al. (2005) , compiled in the IRTF spectral library, have allowed us the opportunity to improve SSP models at R ∼ 2000, containing a larger sample of cool and late-type stars than its predeces- sors. Conroy et al. (2009) ; Röck et al. (2015) used some spectra of this library, showing the advantages of using this library in the NIR.
Our aim is to offer an improved tool for stellar population studies in the NIR J, H, and K bands (0.94 − 2.41 µm). This will be particularly valuable for future science conducted with the observations of telescopes such as E-ELT and JWST, which will focus on the NIR. Hence, we present the following series of papers. In the first paper (Meneses-Goytia et al. 2014a , hereafter Paper I) we characterised one of the model ingredients, the IRTF spectral library, by determining the stellar parameters of the stars and the resolution of the library, as well as the reliability of the flux calibration. In Paper II, the present work, we introduce our modelling approach and its predictions. The third paper (Meneses-Goytia et al. 2014b , hereafter Paper III) will show the comparisons of our models with observations of early-type galaxies from full-spectrum fitting and line-strength index fitting approaches.
In this paper, we present our SSP models in the NIR range. In Section 2 we describe the construction of our models, which follow a similar approach to Vazdekis et al. (2010) , and also describe the ingredients. The model predictions and a discussion are given in Section 3. Finally in Section 4, we present a summary and final remarks.
Single stellar population synthesis models
Stellar population synthesis is a powerful technique for studying galaxy evolution, allowing us to determine galaxy ages and chemical abundances. Using a given set of isochrones at a certain age and metallicity and an assumed Initial Mass Function [IMF, Φ(m)], we find for every point in the isochrone with a given effective temperature (T eff ), gravity (log g) and metallicity ([Z/Z ⊙ ]), a spectrum of a star by interpolating the spectra of the stellar library. With this we obtain individual stellar spectrum of a distribution of stars, which we integrate weighting each spectrum by its luminosity in a chosen wavelength and the number of stars given by the IMF in that mass bin. We then obtain a synthetic spectrum (SED) of a galaxy with a particular set of parameters (i.e. age and metallicity). A general scheme of the steps taken in SSP modelling are shown in Figure 1 , based on Tinsley (1980) . SEDs provide a versatile tool for analysing observables, because they can be compared to observed galaxy spectra (when convolved to the adequate resolution) or used to obtain specific information, such as integrated colours or line-strength indices. This kind of constructing approach has been previously employed by Vazdekis et al. (2010 Vazdekis et al. ( , 2003 in the optical range using the MILES (3540 -7410 Å, Sánchez-Blázquez et al. 2006a) and CaT (8349 -8952 Å, Cenarro et al. 2001 ) empirical stellar libraries.
The SSP SED, S λ (t,[Z/Z ⊙ ]) is calculated with the following prescription:
Here S λ (m, t, [Z/Z ⊙ ]) is the empirical spectrum which corresponds to a star of mass m and metallicity [Z/Z ⊙ ] (where Z ⊙ = 0.019 from Grevesse et al. 2007 ) alive at the age t assumed for the stellar population t, N(m, t) is the number of stars of mass m at age t, which depends on the adopted IMF for the galaxy, m 1 and m t are the stars with the smallest and largest stellar masses, respectively, which are alive in the SSP (the upper mass limit depends on the age of the stellar population), and
S. Meneses-Goytia et al.: Single stellar populations in the NIR -II. Synthesis models is the flux of the star in the H band. Before integrating the spectra of the stars, each requested stellar spectrum is flux normalised by convolving its flux with the filter response curve of the H band from the photometric system of Bessell & Brett (1988) . In this way, we ensure that each spectrum has the correct luminosity as given by the isochrone.
To obtain the empirical spectrum of each star (point) in the isochrone, we followed a similar interpolation scheme as that used in Paper I (see Section 3.1). The interpolator uses our set of input stellar spectra to interpolate (or extrapolate) to the desired values of stellar parameters. In order to improve the interpolation in regions with sparse parameter coverage (e.g. cool bright giants), a subset of interpolated stellar spectra is used as secondary input sources. After the first iteration, we selected the synthetic stellar spectra for which the T eff agrees with the input value within 1σ (∼ 200 K). These interpolated stars are then added to input library after which a second round of interpolation is performed on those stars with ∆T eff ≥ 1σ. Subsequently, the (J − K) colour of this subset is compared to the expected colour determined from the relevant isochrone. All stars with ∆(J − K) ≤ 1σ (∼ 0.1 mag) are classified as useful stars and are added to the input library, after which a final round of interpolation is conducted for the remaining stars. This approach was particularly useful for phases of the isochrone where the IRTF spectral library presents a deficiency of parameter cover like cool bright giants. 3.4 3.6 3.8 4 4.2 log g log T eff (K) 0.1 Gyr Marigo et al., 2008 Girardi et al., 2000 BaSTI, 2012 Fig. 4. Comparison of different isochrone sets used, at solar metallicity and different ages.
In this work, we choose an empirical stellar library in the NIR (Section 2.1), a single IMF (Section 2.2), and three different sets of isochrones (Section 2.3) which allow us to produce three sets of SSP models 1 . In Table 1 , we present these ingredients.
The IRTF spectral library
A stellar spectral library is a crucial ingredient of SSP models since it provides the behaviour of spectra of individual stars as function of effective temperature, gravity and composition. Depending on the wavelength coverage of the libraries, we can 1 Models ′ SEDs, integrated colours and line-strength indices available on-line at smg.astro-research.net A&A proofs: manuscript no. meneses-goytia_et_al_2014b analyse different stellar phases. Here we chose a stellar library with a wavelength range covering the J, H and K bands of the Near-infrared. In these regions, AGB stars dominate the light of intermediate age populations and RGB the light of old stellar populations (Frogel 1988b; Maraston 2005; Conroy & Gunn 2010) .
We use the empirical stellar spectra library observed with the medium-resolution spectrograph SpeX at the NASA Infrared Telescope Facility on Mauna Kea (Rayner et al. 2009; Cushing et al. 2005) . This library is known as the IRTF spectral library and is a compilation of stellar spectra that fall into two ranges of the IR, from which we only focus on the spectral region for the J, H and K bands (0.94 − 2.41 µm). These spectra were observed at resolving power of 2000 (R = λ/∆λ) and were not continuum-normalised allowing for the retention of the strong molecular absorption features of cool stars. Keeping this shape also allowed absolute flux calibration by scaling the spectra to published Two Micron All Sky Survey (2MASS) photometry. For details on the observations, data reduction and calibrations, we refer the reader to Cushing et al. (2005) and (Rayner et al. 2009 ). The integrated colours obtained from the spectra are consistent with those obtained by 2MASS (see Paper I for more information). An atmospheric absorption band between 1.81 and 1.89 µm causes a loss of flux in the H band. This loss is accounted for below in Section 2.3.
The 210 stars that constitute this library include late-type stars, AGB, carbon and S stars. Spectral types range from F to T and luminosity classes from I to V, as shown in Figure 2 .
In Paper I, we determined the stellar parameters of the stars. Most of these stars have metallicities close to solar but stars with metallicities down to −2.6 dex are also included. However, we adopt a lower limit of [Z/Z ⊙ ] = −0.70 dex in the generation of SEDs since lower metallicities are not fully sampled ( Figure 11 of Paper I). Figure 2 presents these parameters and demonstrates a problem of most empirical libraries, including the IRTF spectral library: a deficiency of very cool, low-mass stars and cool bright giants.(e.g. Vazdekis et al. 2010; Conroy & van Dokkum 2012) . Therefore, it is important to bear in mind that the models for metallicities −0.70 dex and 0.20 dex are made using considerable extrapolations, which means that they may be less accurate than the other models. At the low metallicity end, the isochrones are not easily populated at the main-sequence (MS) and MS turn-off (MSTO) however, these warm stars are easier to extrapolate from the stellar library. At the high metallicity end, where cool bright giants number is low, the interpolation scheme previously described is crucial to overcome this limitation.
Initial mass function
The IMF describes the mass distribution of stars formed in one single burst. In this work, we adopt a power-law IMF described by Salpeter (1955) using a mass range of 0.15 − 100 M ⊙ .
In this paper we neither defend nor argue against the universality of the IMF. Nonetheless, in future work, we will address the effect of different IMFs on the SEDs, integrated colours and line strength indices.
Isochrones
An isochrone is the locus in the Hertzsprung-Russell diagram of all stars with the same initial chemical composition and with same age. The shape of the isochrone depends on the adopted prescriptions for stellar evolution. As previously mentioned, the Girardi et al. (2000, hereafter G00) . These evolutionary tracks were computed with updated opacities and equation of state, including convective overshooting. The evolutionary phases go from the zero age main sequence to the Thermally Pulsating Asymptotic Giant Branch (TP-AGB) regime or carbon ignition.
Another set of models use the isochrones developed by Marigo et al. (2008, hereafter M08) . These isochrones improved the physical processes used by their predecessors (G00), for TP-AGBs by using variable molecular opacities instead of the scaled-solar tables for complete AGB models. Their calibration allows the isochrones to be fairly reliable for the TP-AGB phase and have reasonable lifetimes at metallicities of the Magellanic Cloud (MC) clusters.
The third set of isochrones used are the AGB-extended isochrones of BaSTI. These cover the full thermally pulsating phase, using the synthetic AGB technique at the beginning of the TP phase, where the full evolutionary models stop. The TP-AGB phase is then followed by increasing the CO core mass and luminosity. Mass loss of the envelope is included and when this reaches a negligible mass, the synthetic evolution stops. After this point, the tracks evolve at constant luminosity towards their white dwarf cooling sequences. We note that the BaSTi isochrones as published do not include stars with M < 0.5 M ⊙ . The lack of low-mass dwarfs in the BaSTI-based models may cause some discrepancies with other models, in for example, IMF-sensitive spectral features. The contribution of these dwarfs to the NIR light is ∼ 20 % (see also, e.g. Frogel 1988a) .
In Figure 4 , we compare the three sets of isochrones at solar metallicity and three ages. It is noteworthy that in all three isochrone sets, the temperature of the MSTO exceeds 7500 K, the temperature of the hottest stars in the IRTF spectral library, for ages younger than 1.0 Gyr. We therefore only model SSPs with ages from 1.0 to 14.0 Gyr. When comparing the different isochrone sets at 1.0 Gyr (middle panel), we notice the effects of the different prescriptions used by each group. For instance, the MS for M08 and G00 is virtually identical, but for BaSTI the onset of the MS is at higher temperature because it starts at higher masses. Furthermore, MSTO for BaSTI takes place at lower temperatures and lower masses than G00 and M08. At and after the MSTO, and up to the end of the subgiant branch, the three sets behave similarly. However, in the region between the RGB and the AGB, we can see the different prescriptions for the TP-AGBs: G00 and BaSTI share a similar extension to the red. Additionally, the extension to higher temperatures after the AGB termination in M08 is the onset of the white dwarf cooling sequence. Moreover, the differences when reaching older ages like 10.0 Gyr (lower panel) are minor and only noticeable in the RGB and AGB region, while for M08, the TP-AGB phase is warmer than G00 and BaSTI but these are the populations that most affect the NIR. An additional characteristic of all these isochrones is that the authors provide their own results for the transformation from the theoretical to observed planes. The three sets of isochrones obtain their magnitudes and colours from convolving spectra from empirical and/or theoretical stellar libraries with the response curve of several broad-band filters. By using different libraries or versions of the libraries, the isochrones have different colour-magnitude diagrams, as seen in Figure 5 . Because of these differences, we use our own transformations to obtain homogeneous empirical magnitudes and to compare the results of these different sets without concern for the possible bias of the colour transformations on the results. We follow the colour-temperature relations for dwarfs and giants of Alonso et al. (1996 Alonso et al. ( , 1999 and then apply the metal-dependent bolometric corrections of Alonso et al. (1995 Alonso et al. ( , 1999 . We adopt BC ⊙ = −0.12 and a solar bolometric magnitude of 4.70. With this, we calculate magnitudes and fluxes in the JHK photometric system of Bessell & Brett (1988) . Figure 5 shows, in three different panels, a comparison of the original isochrones at 10 Gyr and solar metallicity and those with our colour-temperature empirical transformation. The main changes in magnitudes and colours are found in the lower, un-evolved main sequence and the AGB region.
Since in this work we focus on the NIR range, we normalise the flux in the H band for the stars when integrating the stellar population. As previously mentioned in Section 2.1, the IRTF spectral library is missing flux in the H band due to an atmospheric absorption feature between 1.81 and 1.89 µm. To quantify this loss, we calculate the flux in this band in the Pickles (1998) stellar spectral flux library, with and without the flux loss in the atmospheric absorption band. That gives us a loss factor independent of stellar type and luminosity class of ∼ 0.02% in average. The loss is taken into account when we weight each interpolated stellar spectrum with its corresponding flux in H band. Although this loss is negligible, we include this correction since we choose the H band as the anchor of our models.
Model predictions and discussion
In this section we present the results of the Single Stellar Population synthesis models created using the method described in Section 2. The parameter coverage of the IRTF spectral library allows us to generate SEDs from 0.93 to 2.41 µm (covering the J, H and K bands) for ages between 1.0 and 14.0 Gyr and [Z/Z ⊙ ] from −0.70 to 0.20 dex. With a similar procedure as that used for the spectral resolution of the IRTF spectral library (Paper I), we calculate the resolution of our models. Table  1 compiles the properties and parameter coverage of our models. We use the following nomenclature throughout the paper to describe our models, e.g. MarS models use the M08 isochrones (Mar) and the Salpeter (S) IMF.
It is worth pointing out the treatment we followed when Cstars are present in the population. M08 isochrones provide the C/O ratio which is a flag for carbon stars are present in young populations ( < ∼ 1.58 Gyr). For these young MarS models, we let the interpolator use the C-stars present in the IRTF spectral library when the C/O ratio ≥ 1. For older populations, we did not use carbon stars. On the other hand, for the GirS and BaSS models, since the isochrones do not provide the C/O ratio, we let the interpolation freely use the C-stars only for populations younger than 1.6 Gyr.
We now describe our resulting models: SEDs, integrated NIR colours and a pair of line strength indices in the K band. These properties allow us to calibrate our models and establish their robustness when comparing them with well-defined observations of MC clusters. 
Spectral energy distributions
In Figure 6 we present SEDs of the SSP models at solar metallicity and 10.0 Gyr, using the three sets of isochrones described in Section 2.3. The main spectral features are labelled. All models are qualitatively similar, although the residuals (bottom panel) show in depth the differences and similarities between models. The GirS model presents shallower CO absorp- tion features (between 1.60 − 1.75 µm and after 2.29 µm) when compared to MarS. This is due to the stronger relative contribution of TP-AGB stars in the MarS model. Even though the BaSS model has a similar treatment of the TP-AGB phase as GirS, BaSS extends to even cooler stars and therefore has deeper CO features than both the GirS and MarS models. The BaSS models have an overall temperature difference by being cooler than the MarS and GirS models. The ratios shown in this figure (lower panel) indicate differences smaller than 2 − 3%, which implies a limited impact of the varying isochrones (for the old populations).
Figure 7 presents solar metallicity models at different ages (1, 7 and 14 Gyr). The upper panels show the SEDs and the lower ones present the ratios when comparing different ages. All three models at 1 Gyr show the presence of C-stars that have distinct features at ∼ 1.1, 1.4 and ∼ 1.75 µm (indicated by boxes in the 1 Gyr SED), consequence of the presence of CN and C2 (for details on these features, see Aringer et al. (2009) and Loidl et al. (2001) ). This kind of stars is no longer present at ages older than 1.6 Gyr. For the MarS models, at older ages (middle panel), the absorption features, especially CO, become weaker, due to the diminishing presence of TP-AGB stars at older ages. We also see that the BaSS model at 1 Gyr contains cooler TP-AGB stars than both GirS and MarS. However the extension to more evolved phases is present at all ages for the MarS models. This later phase is not seen in the isochrones for the GirS and BaSS models and therefore these models present a difference in spectral slope from MarS. In the lower panel, we see a similar trend for the MarS model SEDs, with the CO absorption features in the K band becoming even weaker at 14 Gyr since the stars at the TP-AGB phase are slightly warmer than at 7 Gyr. For the GirS and BaSS models, there is a more regular slope since the features become stronger towards the red. This is because at these wavelengths the TP-AGBs are slighter warmer at older ages and the main difference is the cooler temperatures of the MSTO and SGB. In the middle panel of this figure, we also observe the small differences due to the usage of different isochrones for this old populations. Figure 8 is similar to Figure 7 , but here we show the differences between the models at different metallicities. Telluric absorption features are present in all models at ∼ 1.40 µm and between the H and K bands. The main characteristic that can be seen from both figures is that the SEDs become redder as a function of metallicity (middle panel) since at higher metallicities, the opacities of the stars increase, and the temperatures are cooler. However, when comparing SEDs at solar and 0.2 dex (lower panel), the differences diminish quite strongly showing that the models evolve very little after ∼ 5 Gyr. It is important to bear in mind that for solar and super solar models, the IRTF spectral library presents some limitations regarding the presence of cool bright giants.
In general, the differences seen in the SEDs at different ages and metallicities are expected to be a consequence of the differ- ent contributions of the RGB and TP-AGB stars to the spectra. RGB stars are old stars which have a stronger contribution at older ages and also as a function of redder wavelengths. Figures A.1 to A.6 in the Appendix A are the same as Figures 7 and 8 except zoomed into the wavelength ranges corresponding to J (1.04−1.44 µm), H (1.46−1.84 µm) and K (1.90−2.48 µm) bands respectively. The spectra in these plots are given a constant offset in order to facilitate study. Thanks to the detailed analysis of atomic lines and molecular bands by Rayner et al. (2009) for the IRTF spectral library stars, and the compilation of Ivanov et al. (2004) in the J, H and K bands, we are able to easily identify several absorption features in our model SEDs using Figures A.1 to A.6 where we observe the presence of features in the spectrum, i.e. the absorption line-strengths. We see that there are different trends for these line-strengths (see Figure 6 ) as a function of age and metallicity. However, these trends can only be investigated in detail when the line-strength indices are calculated. In Section 3.3, we present the trends of some line-strength indices in the K band as a function of age.
Integrated colours
After obtaining the SEDs, we calculate the integrated colours of each model spectrum by integrating the spectral flux in the NIR colour bands using using the Vega spectrum from Colina et al. (1996) as a zero-point. We used the response curves of the J, H and K filters of the Johnson-Cousins-Glass photometric system given by Bessell et al. (1998) .
As explained in Section 2.3, we find a flux loss in the H band which is taken into account also for the calculated magnitudes, increasing them by 0.0002 mag. Additionally, our wavelength range does not completely cover the filter response curve for the K band, which extends to 2.48 µm. Following a procedure similar to that for the H band flux loss, we calculate the magnitude in this band in the Pickles (1998) stellar spectral flux library, with and without a complete filter response curve. With that, we obtain an average necessary gain of ∼ 0.07% or 0.0007 mag. However, both factors are negligible making the integrated colours of our models directly comparable with observations and other authors' models. Figure 9 shows the behaviour of the integrated colours of the models as a function of age and compares them with observations of clusters in the Magellanic Clouds (MC) from González et al. (2004, G04) and Pessev et al. (2008, P08) ; and in the Milky Way from Cohen et al. (2007, C07) . For these three samples we chose those clusters with metallicities of ∼ −0.9 dex or higher. It is worth mentioning that the ages and metallicities of the G08 sample were determined by creating "superclusters" by combining the photometry of the individual stars, comparing these with SSP models, and thereby obtaining average parameters, whereas the ages and metallicities of the P08 MC clusters Comparison of integrated colours as a function of age and metallicity, from models using different sets of isochrones with Magellanic Clouds cluster observations of González et al. (2004, G04) and Pessev et al. (2008, P08) , and Milky Way clusters from Cohen et al. (2007, C07) . These data have estimated metallicities of ∼ −0.9 dex or higher. The error bars represent the typical uncertainties of the cluster colours and inferred ages.
were calculated by comparing individual clusters to SSP models. This approach of parameter determination presents a circular method when using this kind of data to determine the accuracy of other SSP models. For the C07 sample, we used ages determined by Marín-Franch et al. (2009) when available and their average age of 13 Gyr otherwise. All of our models cover the colour-colour range in (J − K) and (J − H) for the clusters within 2 sigma. It seems, however, that the MarS models are better able to reproduce the range in (J − H) and (H − K) colours of the individual clusters at younger ages. This is most likely due to the longer TP-AGB lifetimes in the M08 models. The effect of the AGB stars is even more evident at very low metallicities where the lifetimes of the AGB stars are considerably longer than for more metal-rich populations. Compared to the MarS models, the GirS and BaSS models do not include a detailed prescription of the AGB phase. In this figure we also notice the presence of the AGB stars at solar and higher metallicities because, in these models, due to their respective isochrones, the AGBs exist in these populations. For the BaSS models, the TP-AGBs phase seems to start at ages younger than 1 Gyr, which we currently cannot model given the limitations in parameter coverage of the IRTF spectral library. For older ages, the RGB stars are the main component of the light of these populations. The colours of these old populations show a linear behaviour (given the small range in colours) at constant metallicity. However, a point of interest is that for old populations, the RGB phase and the differences in temperature of the each model isochrones contribute to trend of these SSPs.
In Figure 10 we present (J − K), (J − H) and (H − K) colourcolour diagrams of our models for different metallicities and ages older or equal than 2 Gyr, and compare them to observations of bright early-type galaxies by Frogel et al. (1978, F78) . Our three models are able to cover most of the colour range of this type of galaxy, with the MarS models matching the range in galaxy colours more closely. The presence of TP-AGBs and their extension to cooler temperatures at younger ages in the MarS models allows the colours to extend to the redder end of these galaxies. The age-metallicity degeneracy is present in the three sets of models
In Tables B.1 to B.3 in the Appendix B, we present the integrated colours of each model set in the Johnson-Cousins-Glass photometric system given by Bessell et al. (1998) .
Line-strength indices
Spectral features are another source of information that can be obtained from a model SED and compared with observations to determine stellar population properties. In this work, we focus on absorption line-strength indices in a region of the K band. These indices are the atomic Na I, Ca I, Fe I and Mg I features, as well as the molecular CO feature. We apply the definitions of Frogel et al. (2001) for Na I and Ca I, Silva et al. Table 2 ). Figure 11 presents the line-strength indices as a function of age of the models. As we can see, the indices follow a similar trend as the integrated colours, displaying the distinctive peak of the AGB phase in the MarS and GirS models. In the MarS models at older ages, the indices show an opposite behaviour as a function of age to the GirS and BaSS models. This is due to the AGB lifetimes, which cause these cool stars to dominate, hence the indices are higher than in the absence of these stars. All the indices are proportional to the mean effective temperature of the stars that compose the populations, except for Mg I since this feature is strongly driven by the stellar surface gravity (Viti & Jones 1999) These trends are presented in detail for the IRTF spectral library in Cesetti et al. (2013) . Therefore, these indices would allow predictions of the stellar content in galaxies, especially to determine the presence of TP-AGBs. This can be seen by the characteristic peak of these stars in the indices at younger ages.
We also present the indices D CO and Na I as a function of (J − K s ) and (J − H) respectively for the three models in Figure 12. The models are compared to observed elliptical galaxies from Mármol-Queraltó et al. (2009, hereafter MQ09) , of which 12 are field galaxies (circles) and two more belong to the Fornax cluster (squares). We obtained the indices from the spectra of these galaxies. The colours of models and the galaxies are compared in the 2MASS photometric system. To make a proper comparison, the model and the galaxy spectra were convolved to a uniform velocity dispersion of 350 km s −1 . For the galaxies, we took into account their instrumental resolution (7.2 Å) and their intrinsic individual velocity dispersion, and for our models, the resolution in the K band at 2.27 µm of 9.7 Å. Figure 12 shows that the MarS models best reproduce the range of D CO and colour of the observed galaxies, while GirS and BaSS are not able to cover the high D CO indices of part of the sample. This shows that the AGB population seems to be needed to reach the high observed D CO values. MQ09 have tested this by investigating indices in both the field and in the Fornax cluster. Fornax galaxies should have a smaller AGB fraction. This interpretation would agree with our models here. However, it is in principle also possible that the [C/Fe] or [O/Fe] abundance ratio is higher than solar, so that the observed D CO in all galaxies is higher than in the models. This is unlikely, however, for all galaxies since it would also be the case for the smallest galaxies of the sample, for which C/Fe from optical indices is not overabundant (Sánchez-Blázquez et al. 2006b ). Rather, it is likely that both [C/Fe] increases and the presence of AGB stars decreases with velocity dispersion of galaxies. Therefore, the high values and flat trend of D CO could be a combined effect of the increase oin[C/Fe] with increasing velocity dispersion mentioned above and the decreasing importance of the AGB phase with increasing metallicity seen in our models, coupled with the increasing metallicity of early-type galaxies with increasing velocity dispersion at fixed age (e.g. Trager et al. 2000; Sánchez-Blázquez et al. 2006b; Trager et al. 2008 ). It will be interesting to test this by measuring the line-strength features of atomic C found in the J and H bands and their behaviour as a function of metallicity, and compare this with D CO . Such comparisons would allow one to distinguish different episodes of star formation in a galaxy and even shed some light onto its chemical evolution.
This figure additionally shows that none of the three models are able to reproduce Na I as a function of (J − H). This could be due to the known [Na/Fe] overabundance seen in galaxies when Na indices are measured in the optical and NIR (e.g. Jeong et al. 2013 ). In addition, the under-prediction of Na I by the models (Conroy & van Dokkum 2012) could be due to an IMF effect, specifically the presence of more A&A proofs: manuscript no. meneses-goytia_et_al_2014b dwarfs in the population. It is noteworthy that these galaxies span a large range in velocity dispersion between ∼ 90 up to ∼ 310 km s −1 (Mármol-Queraltó et al. 2009 ). Given recent work that the IMF is closely linked to their velocity dispersions (mass) (Cappellari et al. 2012 ), a comparison with models with different IMFs and α-enhancement conditions would be appropriate. In our following paper (Paper III), we will address this issue in more detail where we will also present the behaviour of other indices in the K band for these galaxies.
In Tables B.1 
Comparisons with other authors
Other authors have also made SSP models in the NIR range (e.g. Conroy & van Dokkum 2012; Maraston et al. 2009 ) using combinations of different empirical and theoretical stellar libraries. We compare our models with the models of Conroy & van Dokkum (2012, hereafter C12) and Maraston et al. (2009, hereafter M09) . The C12 models are partially based on the IRTF spectral library but they only take into account the stars that are also found in the MILES library in order to complement the spectra from the optical to the NIR range. For this sample they assume solar metallicity which in principle is valid. However, in our models we determined the stellar parameters of this library (Paper I) allowing us to make use of all the IRTF stars. The C12 models use two sets of isochrones depending on the stellar evolution stage: for the AGBs they use the M08 isochrones and for the RGBs the Dartmouth isochrones (Dotter et al. 2008 ). On the other hand, the M09 models use a theoretical library (BaSeL models from Lejeune et al. 1997 Lejeune et al. , 1998 Westera et al. 2002 ) with a resolution of 20 Å, complemented with the Lançon & Wood (2000) library of cool stars at R ∼ 1000. For the isochrones, M09 uses a different treatment, especially for the AGB phase, where the fuel consumption theorem is used (Renzini 1981 ). As we previously mentioned, theoretical libraries have limitations when reproducing molecular features (Martins & Coelho 2007) .
In Figure 13 we compare the SEDs at solar metallicity and 11 Gyr of our models, C12 and M09. Since our models and C12 share, for the same wavelength range, the spectra of the IRTF spectral library, we took into account the resolution of 9.7 Åin Conroy & van Dokkum (2012, C12) and Maraston et al. (2009, M09) , at solar metallicity and 11 Gyr. The spectra are normalised to unity at 1.65 µm and convolved to 20 Å.
the K band which we measured (Paper I), and in order to have a better comparison, we convolved all the model spectra to the lowest resolution of the M09 models. To improve the comparison, we also normalised the spectra to unity at 1.65 µm. Overall, our models show the same continuum slope (within 10%) as the models of the other authors. When comparing in detail with C12 we see a change in slope at ∼ 1.4 µm and ∼ 2.2 µm across the wavelength range and comparing with M09, our models present an overall flatter slope. We analyse in detail the absorption spectral features of Na I, Fe I, Ca I, Ma I and CO lines found in a section of the K band, between 2.19 and 2.42 µm (see Table 2 ) in Figure 14 . The CO features in the M09 and C12 models are shallower than in our models, which reflects a smaller contribution of AGB/RGB stars when compared with our models. When doing this analysis, we noticed a shift in the lines of the M09 models. This could be due to either the combination of different resolutions or of airvacuum wavelengths of the two stellar libraries.
In Figure 15 we compared the models by M09 at young age (1.5 Gyr) with our three models. The main difference between our models and M09 is the different prescriptions used for creating a population. The fuel-consumption theorem and the isochrone treatment in the M09 models produce a higher number of C-stars in young populations which can be seen from the depressions given by these stars at around 1.15 µm, 1.45 µm and 1.75 µm.
We also compared the line-strength indices in the K band for Na I and D CO of our three models with C12, at solar metallicity. This index-index comparison is presented in Figure 16 , which shows that our models have stronger D CO than the C12 models. This was already seen in the SED comparison, where the CO features were shallower in C12 than in our models. CO is strongly related to the presence of cooler stars in a population. Since the SSP models are related to how the isochrones populate different stellar phases, our models using the three sets of isochrones have a strong contribution of cool and AGB stars that allows us to reproduce the CO line strengths of local elliptical galaxies, as seen in Figure 12 . In contrast, the C12 models display a smaller contribution of AGB/RGB stars than observed in our models.
We made a comparison of the integrated colours of our models at solar metallicity to the available literature values of other authors such as Bruzual & Charlot (2003, BC03) and Vazdekis et al. (2010, V10) , as well as C12 and M09. The BC03 models are based on the G00 isochrones and the BaSeL theoretical spectral library. The integrated colours of V10 come from photometric predictions based on the transformations of Alonso et al. (1996 Alonso et al. ( , 1999 for the G00 isochrones. In Figure 17 , we present the colours of our three models MarS, GirS and BaSS, and compare them with BC03, C12, M09 and V10. When comparing with other authors, our models follow the general trend. However, there is a large scatter in the colours of published models; for example BC03 and M09 have the bluest (H − K) colours and are not in good agreement with giant ellipticals. We notice that at younger ages (1 − 2 Gyr), the integrated colours of our MarS models are redder than most models. This is due to the treatment of TP-AGB stars by the M08 isochrones, which peak around these ages. As expected given the similar ingredients, our GirS and the V10 models behave quite similarly. Our BaSS model for (J − K) also behaves quite similarly to V10 and for intermediate ages, to BC03.
Summary and final remarks
In this series of papers, we aim to to provide an improved tool for stellar population studies in the NIR range, primarily for the J, H and K bands. This wavelength coverage is strongly influenced by cool late type stars (e.g. AGB and RGB stars) which are relevant for a diverse age-range of stellar populations, including early-type galaxies (Section 2). We use a single empirical stellar library with a trustworthy flux calibration (Section 2.1) with homogenous stellar parameters (Paper I) and empirical transformations from the theoretical to the observational plane (Section 2.3). Therefore, our models are the first at intermediate resolution purely based on empirical spectra in the NIR range. The comparisons presented here show the power of our models for the analysis of old stellar populations like early-type galaxies. In this work we present Single Stellar Population models synthesised with the IRTF spectral library, for ages from 1 to 14 Gyr and [Z/Z ⊙ ] from −0.70 to 0.20 dex, over a wavelength range from 0.94 to 2.41 µm.
By using three different sets of isochrones, we can see the relevance of different prescriptions for stellar evolution and their influence on the SEDs, integrated colours and indices. We have shown that the choice of isochrones is very important in determining the output for young ages, where the AGB dominates.
The colour-colour trends that our models show are a good match to the colours of elliptical galaxies. We also compare indices of observed galaxies by smoothing the SEDs of our models and the observations to the same velocity dispersion (Figure 12 ). Our models reproduce the D CO index of elliptical galaxies, giving confidence to the predictive power of our models. Our model SEDs compare well with other models in the literature, taking into account that detailed predictions for line strengths in this wavelength region in the literature are very scarce.
The models presented in this work use a Salpeter IMF (see Section 2.2). Nonetheless, we are aware that even though recent studies provide evidence that the IMF is largely invariant throughout the Local Group (e.g. Kroupa 2012 , and references therein) this may not apply outside of it, especially for elliptical galaxies (e.g. Cappellari et al. 2012 ). We will make a deeper analysis of the impact of different types of IMFs on stellar population studies in a future publication.
Our models can be used to study the SEDs of galaxies in a versatile way with full-spectrum fitting or focusing on selected features. Our models, based on a empirical stellar spectral library with moderate resolution, reproduce the NIR observations of clusters and galaxies, as desired. In Paper III, we will use both approaches to analyse the spectra of a sample of field and cluster galaxies, and derive their stellar population properties such as ages and metallicities. 
